Minegishi Y, Haramizu S, Misawa K, Shimotoyodome A, Hase T, Murase T. Deletion of nuclear factor-B p50 upregulates fatty acid utilization and contributes to an anti-obesity and high-endurance phenotype in mice. Am J Physiol Endocrinol Metab 309: E523-E533, 2015. First published July 14, 2015; doi:10.1152/ajpendo.00071.2015.-The transcription factor nuclear factor-B (NF-B) plays an important role in regulating physiological processes such as immunity and inflammation. In addition to this primary role, NF-B interacts physically with peroxisome proliferator-activated receptors regulating lipid metabolism-related gene expression and inhibits their transcriptional activity. Therefore, inhibition of NF-B may promote fatty acid utilization, which could ameliorate obesity and improve endurance capacity. To test this hypothesis, we attempted to elucidate the energy metabolic status of mice lacking the p50 subunit of NF-B (p50 KO mice) from the tissue to whole body level. p50 KO mice showed a significantly lower respiratory quotient throughout the day than did wild-type (WT) mice; this decrease was associated with increased fatty acid oxidation activity in liver and gastrocnemius muscle of p50 KO mice. p50 KO mice that were fed a high-fat diet were also resistant to fat accumulation and adipose tissue inflammation. Furthermore, p50 KO mice showed a significantly longer maximum running time compared with WT mice, with a lower respiratory exchange ratio during exercise as well as higher residual muscle glycogen content and lower blood lactate levels after exercise. These results suggest that p50 deletion facilitates fatty acid catabolism, leading to an anti-obesity and high-endurance phenotype of mice and supporting the idea that NF-B is an important regulator of energy metabolism. nuclear factor-B; energy metabolism; fatty acid oxidation DIETARY NUTRIENTS SUCH AS CARBOHYDRATE AND FAT are essential to obtain energy. However, excessive food intake or a decrease in energy consumption from lack of physical activity can cause fat accumulation and the onset of obesity. Obesity has been a key factor in the development of metabolic syndrome by triggering the onset of diabetes, hyperlipidemia, and hypertension and subsequently decreasing quality of life (QOL) (12). Therefore, normalizing obesity and its related disorder by improving energy metabolism is important for preserving high QOL, and exercise is one of the most effective methods to achieve this. Exercise not only prevents fat accumulation by consuming a lot of energy but also causes skeletal muscle to utilize more fatty acid as a source of energy by increasing mitochondrial mass and function, which might contribute to a fundamental solution for ameliorating obesity (3, 8) . In addition, facilitating fatty acid metabolism contributes to the efficient utilization of fat during exercise and improves endurance (15). Improved endurance capacity is not only important for athletic performance but also leads to daily active lifestyles, which have a positive effect on ameliorating obesity.
DIETARY NUTRIENTS SUCH AS CARBOHYDRATE AND FAT are essential to obtain energy. However, excessive food intake or a decrease in energy consumption from lack of physical activity can cause fat accumulation and the onset of obesity. Obesity has been a key factor in the development of metabolic syndrome by triggering the onset of diabetes, hyperlipidemia, and hypertension and subsequently decreasing quality of life (QOL) (12) . Therefore, normalizing obesity and its related disorder by improving energy metabolism is important for preserving high QOL, and exercise is one of the most effective methods to achieve this. Exercise not only prevents fat accumulation by consuming a lot of energy but also causes skeletal muscle to utilize more fatty acid as a source of energy by increasing mitochondrial mass and function, which might contribute to a fundamental solution for ameliorating obesity (3, 8) . In addition, facilitating fatty acid metabolism contributes to the efficient utilization of fat during exercise and improves endurance (15) . Improved endurance capacity is not only important for athletic performance but also leads to daily active lifestyles, which have a positive effect on ameliorating obesity.
One approach to facilitating fatty acid metabolism is the activation of transcription factor peroxisome proliferator-activated receptors (PPARs). PPAR␣ plays an important role in the transcriptional regulation of a series of fatty acid metabolism-related genes, and administration of PPAR␣ agonists (e.g., fibrate) to humans and rodents can ameliorate hyperlipidemia and diabetes (22) . In addition, PPAR␦ is involved in the regulation of fatty acid metabolism-related genes; administration of its agonist to mice and PPAR␦ transgenic mice led to ameliorated obesity and enhanced endurance by facilitating fatty acid metabolism (39, 42) .
By contrast, nuclear factor-B (NF-B) represses PPAR transcriptional activity. NF-B consists of homo-and heterodimers that belong to the family of Rel/NF-B proteins [p50, p52, p65 (RelA), RelB, and c-Rel]. It plays a pivotal role in inflammation and immune response (16) . p50/p65 is the most abundant and ubiquitous dimer; it exists in an inactive form with inhibitor of NF-B␣ (IB␣) in the cytosol. When an inflammatory signal is induced, IB kinase (IKK) is activated and catalyzes the degradation of IB. Active NF-B dimer then translocates to the nucleus, where it binds to DNA to transactivate inflammation-related genes. In addition to this primary role, NF-B interacts physically with PPAR␣ and -␦, inhibiting their transcriptional activity (9, 28, 38) . High-fat feeding increases fatty acid oxidation as an adaptive response to the increase in free fatty acid, which functions as a ligand for PPARs (13) . NF-B is also activated by the intake of a high-fat diet and by obesity (4) . Therefore, NF-B activation might negatively affect fatty acid metabolism by suppressing the transcriptional activity of PPARs; the balance between the activities of PPAR and NF-B may affect whole body energy metabolism and the development of obesity. Accordingly, inhibition of NF-B might lead to preventing obesity and its related metabolic disorder and also improve endurance capacity by facilitating fatty acid metabolism.
Several types of NF-B knockout mice have been generated. With respect to the most abundant form of NF-B (p50/p65), p65 knockout mice display embryonic lethality due to liver apoptosis, and therefore, how p65 depletion directly affects energy metabolism remains unclear (2) . p50 knockout (p50 KO) mice exhibit attenuated NF-B activation by lipopolysaccharide and multifocal defects in the immune response but have no developmental abnormalities (34) . p50 KO mice have been studied in various areas of research, such as neural function and inflammation (5, 23) . Previous studies that analyzed the metabolic status of p50 KO mice revealed that these mice have high energy expenditure and insulin sensitivity (11, 40) . However, participation of NF-B signaling in the regula-tion of energy substrate utilization and the contribution of NF-B to obesity and physical performance have not been well studied and remain unclear. To address this knowledge gap, here we conducted extensive analyses of energy metabolism at the whole body and tissue levels of p50 KO mice and evaluated these mice for resistance to high-fat diet-induced obesity and for endurance capacity.
MATERIALS AND METHODS

Animals and Diets
NF-B1 KO (p50 KO) mice with the B6 ϫ 129PF2 gene background were purchased from The Jackson Laboratory (Bar Harbor, ME) and backcrossed for six generations in the B6 gene background. After that, p50 homozygous knockout mice and wild-type (WT) littermates were obtained by crossing p50 heterozygous knockout mice. All mice were maintained at 23 Ϯ 2°C with 55 Ϯ 10% humidity under a 12:12-h light-dark cycle (lights on from 700 -1900). Before any experiment, mice were fed a laboratory diet (CE-2; CLEA Japan, Tokyo, Japan) for 2 wk to stabilize their metabolism. The macronutrient composition of CE-2 is as follows: 4.6% fat, 51.4% carbohydrate, and 24.9% protein. Experimental diets used in this study are described in the experimental design section. All animal experiments were approved by the Animal Care Committee of Kao Tochigi Institute. All animal experiments followed this committee's Guidelines for the Care and Use of Laboratory Animals.
Experimental Design
We conducted three experiments in this study. In experiment 1, we focused on the energy metabolism of p50 KO mice under resting conditions; in experiment 2, we examined the effect of a high-fat diet on obesity; and in experiment 3, we examined endurance capacity and metabolic status during exercise. Experiment 1. Eight of each 8-wk-old male p50 KO and WT mice were housed in individual cages and allowed ad libitum access to water and CE-2 diet. Their respiratory metabolic rate was determined by indirect calorimetry analysis, as described below. At 12 wk of age, all of the mice were fasted for 2 h and anesthetized by sevoflurane (Sevofran; Maruishi Pharmaceutical, Osaka, Japan) inhalation and euthanized by collection of whole blood. Liver and gastrocnemius muscle were collected. The tissues were immediately frozen in liquid nitrogen and kept at Ϫ80°C until use.
Experiment 2. Male 8-wk-old p50 KO and WT mice were divided into two groups (n ϭ 11 or 12), allowed ad libitum water, and fed one of the following synthetic diets: a low-fat (LF) diet containing 5% (wt/wt) fat, 20% casein, 66.5% potato starch, 4% cellulose, 3.5% vitamins, and 1% minerals; or a high-fat (HF) diet containing 30% fat, 20% casein, 28.5% potato starch, 13% sucrose, 4% cellulose, 3.5% vitamins, and 1% minerals. All mice were housed in individual cages and maintained on these diets for 15 wk. During the test period, food intake was measured every 2-3 days, and body weight was measured every week. On the final day of the experiment, all of the mice were fasted for 2 h and then anesthetized with sevoflurane (Sevofranl Maruishi Pharmaceutical) and euthanized by collection of whole blood. Liver, abdominal fat (epididymal, perirenal, retroperitoneal), inguinal subcutaneous fat, and skeletal muscle (soleus, gastrocnemius) were collected and weighed. Portions of the liver tissue randomly collected from each group were fixed in phosphate-buffered 10% formaldehyde for Oil Red O staining, and epididymal adipose tissue samples were fixed in 4% paraformaldehyde in PBS for macrophage detection.
Experiment 3. Eight of the 8-wk-old male p50 KO and WT mice were assigned to a 5-day treadmill running training, as described below. When the mice reached 9 wk of age, energy metabolism during exercise was determined by indirect calorimetry analysis. At 10 wk of age, running time to exhaustion was measured. One week after the endurance capacity measurement, the mice were fasted for 2 h and then run for 60 min at 20 m/min, after which they were immediately anesthetized with sevoflurane, and blood samples were collected. Liver and skeletal muscle (soleus, gastrocnemius, plantaris, quadriceps) were collected and weighed; quadriceps were immediately frozen in liquid nitrogen and kept at Ϫ80°C until use.
Indirect Calorimetry Analysis Under Resting Conditions
Energy metabolism analyses were performed by using a magnetictype mass spectrometric calorimeter ARCO-2000 (ARCO System, Chiba, Japan). In experiment 1, each mouse was placed in a chamber for ϳ12 h and allowed to acclimate to the surroundings before the measurement. Oxygen consumption and carbon dioxide production were then measured for 24 h under feeding conditions (free access to CE-2 diet and water). The respiratory quotient (RQ) was calculated from the measured values of oxygen consumption (V O2) and carbon dioxide exhalation (V CO2), and energy expenditure, fat oxidation, and carbohydrate oxidation were calculated by use of the following equations (24, 27) :
Fat oxidation ͑mg · min Ϫ1 · kg body wt
Locomotor activity was measured by using an automated motion analysis system (Actracer-2000; ARCO System) that detects the amount of centroid fluctuation by using a weighted transducer.
Blood Analysis
Plasma samples were prepared from the blood collected from mice in experiments 2 and 3. Plasma triglycerides, total cholesterol, lactate, nonesterified fatty acid (NEFA), glucose, and total ketone bodies were determined by using an automated biochemical analyzer (Accute; Toshiba Medical Systems, Tochigi, Japan) with a related reagent kit (Nittobo Medical, Tokyo, Japan; Wako Pure Chemical Industries, Osaka, Japan). Plasma insulin and leptin concentrations were determined by use of a commercially available enzyme immunoassay kit (Morinaga Institute of Biological Science, Kanagawa, Japan). Advanced oxidation protein products (AOPP) and protein carbonyl levels were determined by using an AOPP assay kit and a protein carbonyl ELISA kit (Nikken SEIL, Shizuoka, Japan), respectively, and thiobarbituric acid-reactive substances (TBARS) were measured with an Oxi-Tek TBARS assay kit (Zeptometrix, Buffalo, NY). GOT (glutamic oxaloacetic transaminase) and GPT (glutamic pyruvic transaminase) levels were determined by use of the transaminase CII-Test (Wako Pure Chemical Industries).
Fatty Acid Oxidation Activity
Fatty acid oxidation enzyme activity was measured as described previously (25) . Frozen mouse liver and gastrocnemius muscles were thawed and homogenized in 250 mM sucrose and 1 mM EDTA in 10 mM HEPES (pH 7.2) on ice by using a polytron homogenizer (Microtech, Chiba, Japan). Subcellular debris was removed by centrifugation at 600 g for 5 min. Aliquots of the resultant supernatant containing 10 or 20 g of protein in the liver or gastrocnemius sample, respectively, were used for the assays in a final volume of 200 l, containing 50 mM Tris·HCl (pH 8.0), 40 mM NaCl, 2 mM KCl, 2 mM MgCl 2, 1 mM DTT, 5 mM ATP, 0.2 mM L-carnitine, 0.2 mM NAD, 0.06 mM FAD, 0.12 mM coenzyme A (CoA), 3 mM ␣-cyclodextrin, and 0.1 Ci [
14 C]palmitic acid (10 M; Perkin-Elmer Japan, Kanagawa, Japan), at 37°C. The reaction was started by adding the substrate and terminated after 20 min by adding 200 l of 0.6 N perchloric acid. After centrifugation at 2,000 g for 10 min, supernatants were extracted three times with 1 ml of n-hexane to remove any residual [ 14 C]palmitic acid. Radioactivity in the aqueous phase was measured by using a liquid scintillation counter 2550TR/LL (Packard), and the values were normalized to the reaction time and protein concentration in the reaction mixture for fatty acid oxidation enzyme activity.
RNA Extraction and Quantitative RT-PCR Analysis
Total RNA was isolated from the liver and gastrocnemius muscle of each mouse in experiment 1 and the quadriceps in experiment 3 by using Isogen (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. cDNA was produced by using a TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed on an ABI Prism 7500 using the SYBR Green Master Mix kit (Applied Biosystems) according to the manufacturer's instructions. The expression of each gene was normalized to that of the housekeeping gene acidic ribosomal phosphoprotein P0 (Arbp/36B4). The primer sequences used in this study are provided in Table 1 .
Oil Red O Staining
Oil Red O staining of liver was performed according to the procedure described previously (32) , with a minor modification in experiment 2. In brief, frozen liver sections fixed in phosphatebuffered 10% formaldehyde were stained with a 0.35% Oil Red O solution in isopropyl alcohol for 15 min. After being washed with water, the sections were stained with hematoxylin and photographed by using an Olympus-BX51 microscope with a DP70 digital camera system (Olympus, Tokyo, Japan).
Macrophage Detection in Adipose Tissue
In experiment 2, epididymal adipose tissue samples were fixed in 4% paraformaldehyde in PBS and embedded in paraffin. Sections were mounted on slides, deparaffinized in xylene, and stained for F4/80 with an anti-F4/80 primary antibody (Serotec, Oxford, UK) and biotinylated anti-rat IgG (Dako, Tokyo, Japan) as a secondary antibody, using standard immunohistochemistry methods (43) . After incubation with peroxidase-labeled streptavidin (Dako) for 30 min at room temperature, sections were visualized with diaminobenzidine (Dako). Sections were rinsed and counterstained with Mayer's hematoxylin. Mounting solution and coverslips were added, and the sections were photographed by using Olympus-BX51 microscope with DP70 digital camera system (Olympus).
Running Exercise and Evaluation of Endurance
A 10-lane motorized rodent treadmill (MK-680; Muromachi Kikai, Tokyo, Japan) with a 7°incline was used according to a previous report (14) for the running exercise and to evaluate endurance capacity in experiment 3. 
Indirect Calorimetry Analysis Under Exercise Conditions
In experiment 3, energy metabolism analyses under exercise conditions were performed by using Arco2000 with a four-lane airtight rodent treadmill (Modular Treadmill System; Columbus Instruments, Columbus, OH), with one mouse per lane. Each mouse was placed in a treadmill chamber for 2 h and allowed to acclimate to the surroundings before the measurements. Mice were then run on a 5°incline, with an initial speed of 10 m/min for 5 min, to adapt to running gradually on the treadmill. The running speed was then changed to 15 m/min for 5 min and subsequently to 20 m/min for 20 min. Data were collected every 90 s throughout the 30-min running period, and the respiratory exchange ratio (RER) was calculated from the measured values of V O2 and V CO2. For data comparison between p50 KO and WT mice, the measurements for 20 min at the 20 m/min portion of the run were selected for analysis to avoid the effect of a rapid change when running was initiated.
Glycogen Content in Skeletal Muscle
Quadriceps muscle glycogen contents after the 60-min running exercise in experiment 3 were measured as described previously (26) . In brief, a small portion (ϳ120 mg) of frozen quadriceps muscles was weighed and digested in 300 l of 30% KOH for 30 min in a boiling water bath. After 50 l of saturated sodium sulfate was added, the glycogen was precipitated by adding 500 l of 95% ethanol and then centrifuged at 1,600 g. The supernatant was decanted, and the remaining ethanol was vaporized in an incubator at 80°C for 15 min. The pellet was dissolved in 200 l of H 2O and reprecipitated with 250 l of 95% ethanol. The supernatant was decanted after centrifugation at 1,600 g, and the remaining alcohol was vaporized. Purified glycogen was hydrolyzed in 600 l of 0.6 N HCl at 100°C for 3 h. Glucose levels were determined with the Glucose CII test kit (Wako Pure Chemical Industries) and converted to the glycogen concentration. 
CTGATCATCCAGCAGGTGTT CCAGGAAGGCCTTGACCTTT Acox1, acyl-coenzyme A (CoA) oxidase 1; Cpt1b, carnitine palmitoyltransferase 1B, muscle; Hadha, hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein) ␣-subunit; Acaa1b, acetyl-CoA acyltransferase 1B; Pdk4, pyruvate dehydrogenase kinase, isoenzyme 4; Ppargc1a, peroxisome proliferator-activated receptor-␥, coactivator 1␣; Acadm, acyl-coenzyme A dehydrogenase, medium chain; Cs, citrate synthase; Arbp/36B4, acidic ribosomal phosphoprotein P0.
3-Hydroxyacyl-CoA Dehydrogenase Activity
3-Hydroxyacyl-CoA dehydrogenase (3-HAD) activity, which is a component of mitochondrial fatty acid ␤-oxidation, was measured as described by Bass et al. (1) , with minor modifications. Briefly, frozen quadriceps muscles were thawed and homogenized on ice by using a polytron homogenizer in 40 times volume of HES buffer (250 mM sucrose, 20 mM HEPES, and 1 mM EDTA, pH 7.2). Subcellular debris was removed by centrifugation at 600 g for 5 min, and the obtained supernatant was used as the crude enzyme sample. This crude sample was diluted 1:5 with HES buffer for use in the assay. To measure enzyme activity, 100 l of assay sample was added to 800 l of reaction buffer [125 mM triethanolamine (pH 7.0), 0.5625 mM NADH, and 6.25 mM EDTA] in a microcuvette (light path, 1 cm). The cuvette was incubated at 30°C for 5 min, and the reaction was started by adding 100 l of 1 mM acetoacetyl-CoA. Activity was measured spectrophotometrically (UV-1650PC; Shimadzu, Kyoto, Japan) by observing the consumption of NADH at 340 nm for 5 min.
Citrate Synthase Activity
Citrate synthase (CS) activity was measured as described previously (36) , with minor modifications. Briefly, the crude enzyme sample described above was diluted 1:10 with 100 mM Tris·HCl solution (pH 8.0) for use in the assay. To measure enzyme activity, 100 l of assay sample was added to 800 l of reaction buffer (0.125 mM dithionitrobenzoic acid, 0.375 mM acetyl-CoA, and 125 mM Tris·HCl) in a microcuvette (light path, 1 cm). The cuvette was incubated at 30°C for 5 min, and the reaction was started by adding 100 l of 5 mM oxaloacetate. Activity was measured spectrophotometrically (UV-1650PC; Shimadzu) by observing the production of thionitrobenzoic acid at 412 nm for 5 min.
Statistical Analysis
In experiment 2, statistical analysis was performed by using the Tukey-Kramer test for all pairs and indicates the WT vs. p50 KO mice comparisons for each diet group. In experiment 3, the comparison of the time course changes in the indirect calorimetry analysis between WT and p50 KO mice running at 20 m/min was performed by using a two-way repeated-measures ANOVA. This analysis was performed to determine the main effects corresponding to strain ("p50 KO mice" or "WT") and time as well as the interaction between the two. Except for these data, comparisons between WT and p50 KO mice were performed by using Student's t-test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Whole Body Metabolic Rate in p50 KO Mice
To confirm the difference in whole body metabolic rate between p50 KO and WT mice, we performed a 24-h indirect calorimetry analysis under resting conditions in experiment 1. The average body weights of both mouse strains were almost identical (p50 KO: 24.38 Ϯ 0.50 g; WT: 24.69 Ϯ 0.52 g). There were no differences in oxygen consumption or energy expenditure between p50 KO and WT mice (Fig. 1, A and B) . On the other hand, p50 KO mice showed a significantly lower respiratory quotient throughout the day than did WT mice (p50 KO: 0.88 Ϯ 0.01, WT: 0.92 Ϯ 0.01, P Ͻ 0.05; Fig. 1C ) and higher fat and lower carbohydrate oxidation (Fig. 1, D and E) . Locomotor activity did not differ between WT and p50 KO mice during this measurement (Fig. 1F) . These results suggest that p50 deletion increases the ratio of fat oxidation for energy production under resting conditions. Liver and skeletal muscles are major tissues for energy production. We measured the fatty acid oxidation enzyme activity of the liver and gastrocnemius muscle of p50 KO and WT mice and found that p50 KO mice exhibited 14 and 106% higher enzyme activity, respectively, compared with WT mice (Fig. 2A) . The expression of fatty acid ␤-oxidation-related enzymes such as acyl-CoA oxidase 1 (Acox1), hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein) ␣-subunit (Hadha), and acetyl-CoA acyltransferase 1B (Acaa1b) was significantly upregulated in the liver of p50 KO mice (P Ͻ 0.05 or P Ͻ 0.01; Fig. 2B ). In gastrocnemius muscle, the expression of not only Hadha and Acca1b but also that of carnitine palmitoyltransferase 1b (Cpt1b), the ratelimiting enzyme of ␤-oxidation, and pyruvate dehydrogenase kinase isoenzyme 4 (Pdk4), which contributes to repressing carbohydrate metabolism, was significantly upregulated in p50 KO mice (P Ͻ 0.05; Fig. 2B ). The genes upregulated in p50 KO mice were all PPAR target genes (30) . These results are consistent with the promotion of fatty acid oxidation enzyme activity in p50 KO mice.
Changes in Body Weight and Body Composition After Consumption of HF Diet
We measured body weight and food intake of p50 KO and WT mice fed a LF or HF diet for 15 wk in experiment 2. On both diets, p50 KO mice gained less body weight than their WT counterparts (Fig. 3A) . Food intake of p50 KO mice was not significantly different from that of WT mice on either diet (Fig. 3B) .
Total body and tissue weights on the final day of experiment 2 are shown in Table 2 . For p50 KO mice that ate the HF diet, their total body weight as well as liver, perirenal and subcutaneous fat, and brown adipose tissue weights were significantly lower than those of WT mice fed this diet (P Ͻ 0.05). Similarly, p50 KO mice fed the LF diet showed significantly lower total body weight and epididymal and retroperitoneal fat weights than WT mice on this diet (P Ͻ 0.05); liver and other fat weights of p50 KO mice were also lower than those of WT mice. There were no significant differences in skeletal muscle weight between these two phenotypes.
Hepatic Lipid Accumulation and Macrophage Infiltration Into Adipose Tissue
Fat accumulation in the liver and macrophage infiltration into adipose tissues are observed in obese mice (43) . In experiment 2, Oil Red O staining of liver tissue sections showed that p50 KO mouse liver exhibited less fat accumulation in response to the HF diet than did WT mice (Fig. 3C ). This reduction in fat accumulation is consistent with the lower liver weight of the p50 KO mice. Adipose tissue staining with antibodies to the macrophage marker F4/80 showed a high frequency of macrophages in the adipose tissue of the HF diet-fed WT mice (see arrows in Fig. 3D, top) ; however, p50 KO mice fed this diet showed less macrophage infiltration (Fig.  3D, bottom) .
HF diet-fed groups, p50 KO mice showed significantly lower glucose and triglyceride levels than WT mice. Although insulin and leptin levels of both p50 KO and WT mice increased in response to the HF diet, those of the p50 KO mice were significantly lower than those of the WT mice at 56 and 21%, respectively (P Ͻ 0.05). There were no differences in adiponectin level between the p50 KO and WT mice; however, the oxidative stress markers TBARS and protein carbonyl of p50 KO mice were significantly lower than those of WT mice in the HF diet-fed group (P Ͻ 0.05). Levels of the tissue injury markers GOT and GPT were not different between p50 KO and WT mice.
Endurance Exercise Performance and Energy Metabolism of p50 KO Mice
To elucidate the effect of p50 deletion on energy production during exercise, we evaluated the endurance capacity and energy metabolic status of p50 KO mice by use of a treadmill running system. For results of indirect calorimetry analysis during the running exercise, two-way ANOVA indicated significant differences in mouse strains (P Ͻ 0.01) and time (P Ͻ 0.01) for RER, with no significant interaction between these parameters. This suggests that p50 KO mice have significantly lower RER than WT mice (Fig. 4B) in oxygen consumption were observed (Fig. 4A) . These results suggest that the ratio for fatty acid utilization during exercise is higher in p50 KO mice than in WT mice, which is consistent with our findings during resting conditions. Furthermore, the maximum running time of p50 KO mice was 30% longer than that of WT mice (p50 KO: 161.1 Ϯ 13.5 min, WT: 124.2 Ϯ 10.3 min, P Ͻ 0.05; Fig. 4C ). Blood lactate and triglyceride levels immediately after the 60-min treadmill run (20 m/min) were significantly lower in p50 KO mice compared with WT mice (P Ͻ 0.05), but there were no differences in glucose, ketone body, or NEFA levels (Table 4) . Total body weight, as well as liver and skeletal muscle weights, also did not differ in this experiment (Table 5) . Quadriceps muscle glycogen content after the same running exercise was significantly higher in p50 KO mice than in WT mice (P Ͻ 0.01; Fig. 5A ). In the quadriceps muscle, mRNA expression levels of mitochondrial fatty acid ␤-oxidation enzymes [acyl-CoA dehydrogenase, medium chain (Acadm), Cpt1b, and Hadha] and CS, which catalyze acetyl-CoA into the citric acid cycle, were markedly higher in p50 KO mice (P Ͻ 0.05 or P Ͻ 0.01; Fig. 5B ). 3-HAD activity as a measure of mitochondrial fatty acid ␤-oxidation activity and CS activity of the quadriceps muscle of p50 KO mice were significantly higher than those of WT mice (P Ͻ 0.05 and P Ͻ 0.01, respectively; Fig. 5, C and D) .
DISCUSSION
We sought to elucidate the contribution of NF-B to energy metabolism by studying the metabolic phenotype in p50 KO mice at the whole body and tissue level. We used p50 KO mice with the B6 genetic background, which are commonly used as a diet-induced obesity model and have been well analyzed in a wide range of studies on energy metabolism. Our main findings are as follows: 1) p50 KO mice showed increased fatty acid oxidation at the molecular, tissue, and whole body level; 2) p50 KO mice were resistant to HF diet-induced obesity; and 3) p50 KO mice exhibited high-endurance capacity associated with the upregulation of fatty acid utilization during exercise. These findings suggest that NF-B signaling plays a key role in regulating fatty acid utilization and may influence obesity susceptibility and exercise endurance.
In this study, p50 KO mice showed less accumulation of both abdominal and subcutaneous fat in response to a HF diet than WT mice. p50 KO mice also appeared to repress wellknown obesity-associated anomalies such as macrophage in- Values are means Ϯ SE. LF, low fat; HF, high fat; WT, wild type; p50 KO, p50 knockout. WT-LF: n ϭ 12; WT-HF: n ϭ 11; p50 KO-LF: n ϭ 12; p50 KO-HF: n ϭ 11. After the 15-wk test period in experiment 2, all mice were fasted for 2 h and then euthanized under anesthesia by collection of whole blood, and their tissues were collected. Statistical analysis was performed by using the Tukey-Kramer test for all pairs and indicates the WT vs. p50 KO comparison for each diet group. *P Ͻ 0.05 vs. WT in LF diet-fed group; †P Ͻ 0.05 vs. WT in HF diet-fed group. Values are means Ϯ SE. NEFA, nonesterified fatty acids; AOPP, advanced oxidation protein products; TBARS, thiobarbituric acid-reactive substances; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase. On the final day of experiment 2, blood samples were collected from anesthetized mice that had been fasted for 2 h. WT-LF: n ϭ 12; WT-HF: n ϭ 11; p50 KO-LF: n ϭ 12; p50 KO-HF: n ϭ 11. Statistical analysis was performed by using the Tukey-Kramer test for all pairs and indicates the WT vs. p50 KO comparison for each diet group. *P Ͻ 0.05 vs. WT in the LF diet-fed group; †P Ͻ 0.05 vs. WT in the HF diet-fed group. filtration into adipose tissue and increases in blood glucose, insulin, and leptin levels (10, 19, 33, 35, 37) . In the 24-h respiratory gas analysis, no differences in energy expenditure and locomotor activity were observed; however, the RQ was significantly lower in p50 KO mice than in WT mice. In support of these data, p50 KO mice showed higher mRNA expression levels of PPAR-regulated fatty acid oxidation-related molecules and greater enzyme activity in liver and skeletal muscle compared with WT mice. These differences may contribute to a higher capacity for fatty acid utilization for energy production. Vijayakumar et al. (41) reported that induction of fatty acid oxidation without a concomitant elevation of energy expenditure via a peripheral cannabinoid receptor antagonist is effective for weight loss and other obesity-related cardiometabolic risk factors. This observation supports our findings that facilitation of fatty acid utilization contributes to an anti-obesity phenotype in p50 KO mice. In addition to liver and skeletal muscle, brown adipose tissue (BAT) also plays a key role in lipid metabolism (6) . In experiment 2, BAT weights in p50 KO mice were found to be lower than that in WT under both LF and HF diet-fed conditions; however, the contribution of BAT function to the p50 KO mice phenotype remains unclear. Further detailed analysis on BAT function is warranted. Consistent with our results, an anti-obesity phenotype of p50 KO mice was reported recently (11, 40) ; however, our understanding of the mechanism behind this phenotype differs from that presented by the authors of these other studies. In the previous reports, p50 KO mice (B6 ϫ 129 background) exhibited severe inflammation marked by macrophage infiltration into adipose tissue and upregulation of inflammatory cytokines (e.g., TNF␣, IL-6), which increased total energy expenditure (40) . However, we did not observe an increase in total energy expenditure, but we did see a decrease in the RQ in p50 KO mice, suggesting that the ratio of fatty acid utilization for energy production only increased. In our study, p50 KO mice also showed lower macrophage infiltration into adipose tissue than WT mice fed a HF diet. There was also a difference in inflammatory status between these studies and ours, which may reflect differences in the genetic backgrounds of the mice. In our study, p50 KO mice were back-crossed to B6 from the original B6 ϫ 129 background used in previous studies. The Values are means Ϯ SE (n ϭ 8). In experiment 3, all mice were euthanized under anesthesia by collection of whole blood immediately after the 60-min running exercise, and their tissues were collected. In experiment 3, mice were fasted for 2 h. Blood samples were collected from anesthetized mice immediately after the 60-min running exercise. Values are means Ϯ SE (n ϭ 8). *P Ͻ 0.05 vs. WT (t-test).
B6 ϫ 129 mice showed higher macrophage recruitment with inflammatory stimulation than the B6 mice (18) , suggesting that p50 KO mice with the B6 ϫ 129 background are susceptible to inflammation. Therefore, it is possible that the increase in energy expenditure in response to an inflammatory cytokine such as TNF␣ is more easily induced in p50 KO mice with the B6 ϫ 129 background than in those with the B6 background; this might explain the differences in energy expenditure between previous studies and this study. Taken together, these observations suggest that the increase in fatty acid utilization in p50 KO mice was not induced by exacerbation of the inflammatory response; rather, upregulation of fatty acid-metabolizing enzymes may have contributed to this phenotype.
PPARs are representative transcription factors that regulate fatty acid metabolism-related gene expression, and obesity is markedly ameliorated on administration of specific ligands for PPAR␣ and -␦ and in PPAR␦ transgenic mice (22, 39, 42) . p50 and p65, which form the most abundant and ubiquitous NF-B heterodimer, interact physically with PPAR in the nucleus, inhibiting its transcriptional activity (9, 28, 38) . NF-B components such as p65 and c-rel tend to decrease in splenic B cells, and NF-B activation by lipopolysaccharide is significantly attenuated in p50 KO mice (34) . In another report, hindlimb suspension-induced NF-B reporter gene expression in the soleus muscle from WT mice was completely abolished in p50 KO mice (20) . These observations suggest that p50 deletion may reduce the inhibition of PPAR transcriptional activity by NF-B, resulting in the activation of PPAR-regulated genes. Related to this hypothesis, Razeghi et al. (31) showed that mechanical unloading increases NF-B activation and downregulates PPAR␣-regulated gene expression (such as Pdk4) in the heart; however, this downregulation is attenuated in p50 KO mice. Moreover, expression of Pdk4 in p50 KO mice rather increases after unloading, suggesting that PPAR in p50 KO mice can be easily activated. Similar to this report, p50 KO mice showed significantly higher expression of Pdk4 in gastrocnemius muscle than WT mice in our study. However, further studies are necessary to clarify the mechanism behind PPAR activation by p50 deletion, including studies that exam- ine different NF-B dimer combinations and their activities in liver and skeletal muscle. Facilitating the utilization of fatty acid as an energy substrate leads to better energy efficiency during exercise, which improves endurance (15) . In endurance exercise, skeletal muscle, which is one of the main tissues for energy metabolism and constitutes 40% of the total body mass, plays a key role. Skeletal muscle utilizes glucose and fatty acid as main energy sources, but storage of glucose as glycogen is limited; therefore, facilitating fatty acid utilization is considered to be effective for sparing glycogen and improving endurance (15, 17, 21) . In the present study, p50 KO mice showed improved endurance with a lower RER during the running exercise, as well as higher residual muscle glycogen and lower blood lactate produced from carbohydrate metabolism after running, compared with WT mice. These results suggest that the increased fatty acid use and resulting decreased carbohydrate use during exercise brought about the higher endurance in p50 KO mice. Consecutive endurance exercise training is known to induce fatty acid utilization by the coordinated activation of 3-HAD, which is part of the mitochondrial trifunctional enzyme complex, and citrate synthase in skeletal muscle (7, 29) . It is interesting to note that p50 KO mice showed higher enzyme activity and mRNA levels of Hadha, which codes for the mitochondrial trifunctional enzyme ␣-subunit, and higher citrate synthase activity in quadriceps compared with WT mice, suggesting that these changes contribute to improved endurance. Hadha expression is also induced by the PPAR␦ agonist GW-50156 in the L6 rat skeletal muscle cell line (39) , and skeletal muscle-specific PPAR␦ transgenic mice exhibit improvements in endurance capacity and suppression of HF diet-induced obesity (42) . These phenomena induced by PPAR␦ activation resemble those of p50 KO mice. As mentioned previously, NF-B interacts physically with PPAR␦ in the nucleus and inhibits its transcriptional activity. Therefore, in p50 KO mice, PPAR␦ activity could be upregulated in skeletal muscle and contribute to the upregulation of fatty acid utilization.
In this study, we found that p50 KO mice showed an anti-obesity and high-endurance phenotype that was associated with an increase in fatty acid utilization by liver and skeletal muscle. Deletion of this NF-B family member exerts substantial influence on fatty acid metabolism, suggesting that NF-B has an important role in the regulation of energy metabolism. Our findings suggest that controlling NF-B activity may be an effective method for ameliorating obesity and improving endurance.
